The IgE of sera from patients with a history of allergy to oranges (Citrus sinensis) bind a number of proteins in orange extract, including Cit s 1, a germin-like protein. In the present study, we have analysed its immunological cross-reactivity and its molecular nature. Sera from many of the patients examined recognise a range of glycoproteins and neoglycoconjugates containing β1,2-xylose and core α1,3-fucose on their Nglycans. These reagents also inhibited the interaction of Cit s 1 with patients' sera, thus underlining the critical role of glycosylation in the recognition of this protein by patients' IgE and extending previous data showing that deglycosylated Cit s 1 does not possess IgE epitopes. In parallel, we examined the peptide sequence and glycan structure of Cit s 1 using mass spectrometric techniques. Indeed, we achieved complete sequence coverage of the mature protein as compared to the translation of an expressed sequence tag cDNA clone and demonstrated that the single N-glycosylation site of this protein carries oligosaccharides with xylose and fucose residues. Due to the presumed requirement for multivalency for in vivo allergenicity, our molecular data showing that Cit s 1 is monovalent as regards glycosylation and that the single N-glycan is the target of the IgE response to this protein, therefore, explain the immunological cross-reactive properties of Cit s 1 as well as its equivocal nature as a clinically-relevant allergen.
INTRODUCTION
Cross-reactive IgE recognising carbohydrate epitopes is a major complication in the correct laboratory diagnosis of food and pollen allergy; the phenomenon of carbohydrate cross-reactive determinants was first described twenty-five years ago (Aalberse, et al. 1981) . Many studies have shown that plant and insect glycoproteins bind the IgE of the sera of allergic patients, but the biological and clinical significance is in some cases unclear. A number of studies do indeed show that glycoconjugates, particularly in multivalent forms, elicit histamine release (Batanero, et al. 1999 , Bublin, et al. 2003 , Wicklein, et al. 2004 ; however, monovalent glycoconjugates tend not to display such activity (Wicklein, et al. 2004) . The highly conserved nature of core α1,3-fucosylation of N-glycans, though, is the basis for the cross-reaction of many plant and invertebrate glycoproteins to antisera raised against individual plant glycoproteins such as horseradish peroxidase (Fabini, et al. 2001 , Wilson 2002 , Wilson, et al. 1998 . The widespread occurrence of this glycostructural determinant is reflected in the presence of relevant core α1,3-fucosyltransferases in plants (Leiter, et al. 1999) , nematodes and insects (Fabini, et al. 2001) . On the other hand, the presence of enzymes Schistosoma-infected mice . It is also interesting that a large proportion of non-allergic human blood donors were found, in one study, to have IgM and IgG 1 recognising core α1,3-fucose or β1,2-linked xylose (Bardor, et al. 2003) , whereas core α1,3-fucose is an important epitope for IgE from nematode-infected sheep (van Die, et al. 1999) .
Recently, the presence of carbohydrate epitopes, recognised by IgE, on the orange protein Cit s 1 has been described (Ahrazem, et al. 2006) ; this protein constitutes one of three recently identified and characterised orange allergens. Whereas Cit s 2 corresponds to orange profilin and represents a major allergen, according to its in vitro and in vivo reactivity in patients with allergy to this fruit (Lopez-Torrejon, et al.
2005), Cit s 3 belongs to the lipid transfer protein (LTP) panallergen family and behaves
as a minor allergen in the patients studied (~35% prevalence) .
Cit s 1, on the other hand, was first detected in a study of six patients as being a protein of 24 kDa recognised by patients' IgE (Ibañez, et al. 2004) , which in a larger study was shown to display high in vitro reactivity with its glycans constituting the major IgE epitopes (Ahrazem, et al. 2006) . Cit s 1 was also identified in an independent study as being a major orange allergen (Crespo, et al. 2006) . Interestingly, the presence of Cit s 1-reactive IgE did not generally appear to correlate with the ability to elicit positive skin prick tests; only one-eighth of patients showed a significant response in this test with purified Cit s 1 (Ahrazem, et al. 2006) . Initial N-terminal sequencing data indicated that Cit s 1 may be a germin-like protein (Ahrazem, et al. 2006 , Crespo, et al. 2006 ; however, the full sequence was not determined and the nature of its N-glycosylation had not been examined. In this study, we present not only the full molecular at Pennsylvania State University on February 20, 2013 http://glycob.oxfordjournals.org/ Downloaded from characterisation of Cit s 1, using mass spectrometry, in terms of its peptide and glycan sequence, but also examine the nature of the anti-carbohydrate cross-reactivity in more detail.
RESULTS

Immunological analysis
Previous data indicated that the carbohydrate of Cit s 1 is a major epitope for the IgE of orange-allergic patients, because deglycosylation of this protein with trifluoromethanesulphonic acid abolished the binding of IgE from pooled and individual sera (Ahrazem, et al. 2006) . In order to study this in more detail, orange peel extract, with patients' IgE. The specificity of anti-horseradish peroxidase has been examined in a number of studies and both xylose and core α1,3-fucose are known epitopes (Bencúrová, et al. 2004 , Kurosaka, et al. 1991 , Wilson, et al. 1998 . Therefore, the MMX, MMF, MUXF and MUX neoglycoforms were employed as positive controls for the interaction with anti-horseradish peroxidase, whereas their use with patients' IgE was intended to gain a first hint as to the contribution of xylose and fucose to the binding of IgE from orange-allergic patients. Coomassie staining ( Figure 1A ) was performed to check that the protein content of each sample was approximately equal.
The results indicate that anti-horseradish peroxidase reacts strongly with various orange glycoproteins and Cit s 1 ( Figure 1B ). As expected from previous data, transferrin carrying xylose or fucose (after remodelling with recombinant forms of either rice xylosyltransferase or nematode fucosyltransferase) reacted with anti-horseradish peroxidase (Bencúrová, et al. 2004 , Fabini, et al. 2001 , whereas the corresponding MM controls did not. On the other hand, all transferrin isoforms reacted with anti-human transferrin (data not shown). The two BSA neoglycoconjugates and horseradish peroxidase itself also reacted with this antibody as expected (Wilson, et al. 1998) . With the patients' serum pool, used in combination with a conjugated anti-human IgE for detection, a similar pattern of reactivity was observed ( Figure 1C ), indicating binding of IgE to both xylosylated and fucosylated glycans.
Specific IgE determination by direct and inhibition ELISA
Previous ELISA data indicated that horseradish peroxidase could inhibit the binding of patients' sera to Cit s 1, whereas deglycosylated forms of Cit s 1 and horseradish peroxidase did not diminish this interaction (Ahrazem, et al. 2006) ; this suggests that the patients' IgE displays glycan-dependent reactivity towards both Cit s 1 and horseradish peroxidase and no significant interaction with the Cit s 1 polypeptide. To examine the role of plant-like glycans further, the transferrin neoglycoforms and the BSA neoglyconjugates were used in various ELISA tests. In direct ELISA (Figure 2 ), the serum pool showed a strong reaction towards both the MUX and MUXF forms of BSA; three of four individual sera also showed significant reactivity towards both these neoglycoconjugates, which is compatible for a role at least for xylose, if not also for fucose, in IgE binding. As regards the transferrin neoglycoforms, a more complex picture emerged: the pool and the same three sera showed a reaction towards MMX;
only one serum showed a significant reaction towards MMF.
The binding characteristics of Cit s 1 with two of the sera, as well as the serum Furthermore, the maximum level of inhibition when employing the native allergen is also attained with the highest neoglycoform concentration; this demonstrates that these reagents are approximately as effective as the allergen itself in inhibiting IgE binding.
Mass spectrometric analysis
The data accumulated to date indicate that Cit s 1 may have a plant-type N-glycan, which is an IgE epitope, but actual glycoanalytical data was missing. Furthermore, the exact nature of the peptide was also unknown. Based solely on N-terminal sequencing, yielding the sequence TDPGHLQDVXVAINDPKXGVFVNRK (Ahrazem, et al. 2006 , Crespo, et al. 2006 , amino acid homology with a germin-like protein from pepper (Capsicum annuum, Genbank entry AY391748) was found; the pepper protein was previously found as a major allergen when using sera from patients with mugwort-birchcelery-spice syndrome (Leitner, et al. 1998) . In order to molecularly define Cit s 1 more fully in terms of both glycan structure and peptide sequence, a mass spectrometric-based analysis was performed.
After the tryptic digestion of the protein, the peptides were initially analysed by LC-ESI-MS. After this run, two peptides were selected and MS-MS (collision induced dissociation, CID) experiments were carried out in order to determine the sequence for an ensuing database search. For this purpose, [M+H] + ions of m/z 747.5 and 835.5
were fragmented. The analysis was performed in a so-called survey scan. This means that the analyser was scanning in a defined mass range and that, when an intense signal appeared, the mass analyser opens an additional channel and fragments this ion.
In the case of 747.5 the analyser sought out not the tryptic fragment T5 itself, but instead selected an ion which was produced in the mass analyser by a loss of an Nterminal alanine; the sequence FQLDPK was determined ( Figure 4A ). For the second ion, the peptide T6 with the sequence DGVFVNGK was found ( Figure 4B ). other peptides detected by LC-ESI-MS; the theoretical mass of each was compared to that observed (Table 1 ).
The analysis of the tryptic peptides indicated that only the tryptic fragment with the potential N-glycosylation site was not detected. To determine if this was caused by the relatively high molecular mass of this peptide (3155.6874 Da) or because it is glycosylated, the tryptic peptides were further digested with chymotrypsin. The fragments which are important for the sequence coverage are shown in Table 2 . An unglycosylated peptide containing the potential N-glycosylation site was not detected, which suggested that the occupancy of this site is complete. Indeed only glycosylated forms of this peptide were detected. Most prominently, a doubly-charged ion with m/z 1137.97, glycosylated with an MMXF structure, was found with the sequence VTSDQLNNTL (peptide CT14); an overlapping glycopeptide (CT13) was also found. As shown in Table 3 , minor structures, other than MMXF, were also present.
As a final confirmation for the presence of glycosylation, the aforementioned CT14 ion was fragmented by CID (see Figure 6 ). This tandem MS experiment gave fragments of the peptide alone as well as a set of fragments of the glycopeptide sequentially lacking the individual monosaccharide residues; the intact glycopeptide, which was the peptide VTSDQLNNTL modified with an N-linked MMXF glycan, was also observed. Fragments of the carbohydrate alone were detected between 204 and 822 Da. The glycopeptide and glycan fragments confirm the major N-glycan structure as being, as expected, MMXF. After treatment of the trypsin/chymotrypsin peptides with PNGase A, the deglycosylated peptide was also found with the sequence VTSDQLDNTL; the glycosylated Asn was converted to Asp. The observed m/z for the singly-charged ion was 1105.5687 as compared to the theoretical value of 1105.5372.
Similarly, a deglycosylated form of CT13 (m/z 774.3902; DNTLIAK) was also observed in the PNGase A digest; thereby, the exact location of the single N-glycosylation site of Cit s 1 was verified.
DISCUSSION
The molecular analysis of allergens is a major focus of modern allergology and raises the possibility of more accurate diagnosis and therapy. In the case of plant and insect glycoproteins which bind patients' IgE, cross-reactions are very common (Aalberse, et al. 1981 , Batanero, et al. 1996 , Hemmer, et al. 2001 , Mari, et al. 1999 , Tretter, et al. 1993 ); this is not unexpected, since the glycan is probably the most conserved aspect of these molecules. The presence of β1,2-xylose and core α1,3-fucose on N-glycans is more-or-less ubiquitous throughout the plant kingdom, whereas these moieties are absent from mammals, thus making them immunogenic. On the other hand, the matter as to whether cross-reactive carbohydrate epitopes are clinically significant has been a matter of controversy and debate , Altmann 2007 , Fötisch, et al. 2001 , Van der Veen, et al. 1997 . However, a number of cases show that glycans can contribute to the allergenicity of glycoproteins as measured by histamine release with, e.g., Api g 5, Cup a 1, Phl p 11 and Lyc e 2 (Bublin, et al. 2003 , Iacovacci, et al. 2002 , Wicklein, et al. 2004 or skin prick tests with horseradish peroxidase (Mari 2002 (Ahrazem, et al. 2006) ; the first corresponds to the protein carrying MMXF, the second to a form carrying an additional non-reducing terminal GlcNAc residue (either the isomers MGnXF or GnMXF, depending on whether the α1,3-or α1,6-arm carries the non-reducing GlcNAc, or a mixture thereof). Thus, our glycopeptide MS data confirm this microheterogeneity of Cit s 1. However, there are, in addition, minor forms lacking either a fucose (MMX) or a xylose (MMF), but these perhaps occur in too low a concentration in order to be observed by mass spectrometry of the intact protein. These types of xylosylated and fucosylated glycan observed have been found on a number of allergens such as Api g 5 (Bublin, et al. 2003) , Cup a 1 (Alisi, et al. 2001) , Cyn d 24 (Chow, et al. 2005) , Hev b 4 (Kolarich, et al. 2006) , Lol p 11 (van Ree, et al. 2000) , Lyc e 2 and Phl p 1 (Wicklein, et al. 2004 ). Interestingly, other allergens have been found to possess only or predominantly solely xylosylated species such as MMX; examples of such allergens include Ara h 1 (Kolarich, et al. 2000 , van Ree, et al. 2000 , Ole e 1 (Kolarich, et al. 2000 , van Ree, et al. 2000 and Cor a 11 (Lauer, et al. 2004) . The presence of xylose and fucose residues on Cit s 1 explains its ability to be recognised by anti-horseradish peroxidase.
The matter of the cross-reactivity of IgE from the sera of patients allergic to orange is somewhat more complicated than the situation with the 'model' IgG antihorseradish peroxidase. In one study, a monovalent MUXF glycopeptide (as opposed to the multivalent conjugates used in the present study) did not inhibit binding of IgE to Cit s 1 (Crespo, et al. 2006 (Ahrazem, et al. 2006) , strongly indicate that the glycan component is important for IgE binding to Cit s 1.
The direct binding to the transferrin neoglycoforms is potentially weaker than to the BSA-neoglycoconjugates -the former carry only two N-glycans and neither the MMF nor the MMF forms has both xylose and fucose; on the other hand, the BSA can carry many bromelain glycopeptides (on average 3-4) and so has a higher degree of valency (Wilson, et al. 1998) . It has also been reported that the α1,3-mannose found on, e.g., MMX, may inhibit IgE binding in some cases as compared to glycans lacking this residue, e.g., MUX (van Ree, et al. 2000) . Interestingly, in the case of inhibition experiments, it appears that even MM can prevent binding of IgE to Cit s 1, with approximately the same potency as MMX and MMF; thus, the trimannosyl core may, at a sufficient concentration, sterically hinder access by xylose and fucose-containing N-glycans to Cit s 1-specific IgE. This may be similar to the ability of MM to inhibit binding of the monoclonal YZ1/2.23, which recognises plant-type N-glycans, to MMX (Bencúrová, et al. 2004) . Other previous data has suggested that the mannose residues do have a role in binding of antibodies to plant-type glycans, but that the trimannosyl core itself is insufficient for recognition by anti-horseradish peroxidase (Bencúrová, et al. 2004 , Wilson, et al. 1998 ; on the other hand, a monoclonal antibody derived from Schistosoma-infected mice could bind MM and MMF equally (van Remoortere, et al. 2003 ). All our experiments suggest that there is no strong difference between those glycans carrying xylose alone (i.e., MMX and MUX) and those carrying either fucose alone (MMF) or both xylose and fucose (MUXF). Perhaps, there may be a pool of fucose-specific IgE and a more dominant pool of xylose-specific IgE in the sera tested.
In some studies, fucose-specific IgE seems to predominate (Bencúrová, et al. 2004) , although a role for xylose in IgE binding has been also observed in some cases (Bencúrová, et al. 2004 , Garcia-Casado, et al. 1996 , van Ree, et al. 2000 .
The presence of a single N-glycan on Cit s 1 confers a monovalent status to the protein as regards binding of anti-carbohydrate IgE; together with the apparent lack of polypeptide epitopes, this constitutes an explanation of its previously-determined low in vivo allergenic activity and of its 'equivocal' status as an allergen (Ahrazem, et al. 2006 
MATERIALS AND METHODS
Patients' sera
A serum pool (n=10) and individual sera (nº 1-4) from orange-allergic patients, corresponding to patients 6, 8, 10 and 11 whose clinical characteristics have been previously described (Ahrazem, et al. 2006) , were used for IgE immunodetection, specific IgE determination and ELISA-inhibition assays. All ten sera of the pool showed specific IgE to purified Cit s 1. Furthermore, as shown by Ahrazem et al. (2006) , testing sera 2-4 with trifluoromethanesulphonic acid-deglycosylated forms of either Cit s 1 or horseradish peroxidase resulting in abolition of IgE binding as judged by blotting (sera 3 and 4), whereas in the case of serum 2, IgE binding to Cit s 1 in ELISA was inhibited ~80% by horseradish peroxidase.
Orange extract and purified glycoproteins
An orange peel extract was prepared as previously described (Ahrazem, et al. 2006) , and its protein content quantified according to Bradford (Bradford 1976) . Cit s 1 allergen was isolated as in Ahrazem et al. (2006) and quantified by the commercial bicinchoninic acid test (Pierce, Cheshire, UK). The model neoglycoconjugates, BSA-MUXF and BSA-MUX were prepared as previously described using, respectively, native and defucosylated bromelain glycopeptides (Wilson, et al. 1998) . The remodelled forms of transferrin were produced by a modification of previously-published procedures (Bencúrová, et al. 2004 , Fabini, et al. 2001 as follows: MMX-transferrin, carrying xylose on the core Man 3 GlcNAc 2 pentasaccharide, was produced by serial incubation of human apo-transferrin with sialidase, galactosidase, a supernatant of Pichia expressing rice β1,2-xylosyltransferase (Léonard, et al. 2004 ) with UDP-Xyl and finally hexosaminidase; MMF-transferrin, carrying core α1,3-fucose, was produced similarly using sialidase, galactosidase, hexosaminidase and finally partially-purified Pichiaexpressed Caenorhabditis elegans core α1,3-fucosyltransferase FUT-1 ) with GDP-Fuc. MM controls (-X or -F), carrying only the core pentasaccharide, were prepared in the presence of the relevant glycosyltransferase but in the absence of a nucleotide sugar donor. The presence of the transferred sugar was demonstrated by MALDI-TOF MS analysis of the tryptic peptides.
SDS-PAGE and immunodetection assays
Samples ( Alternatively, replica blocking membranes were incubated with a pool of sera from orange-allergic patients (1:4 dilution), then with mouse anti-human IgE monoclonal antibody HE-2 ascitic fluid (1:3000 dilution) (Sanchez-Madrid, et al. 1984) , and finally with a rabbit anti-mouse IgG peroxidase-conjugated antibody (DAKO A/S; 1:5000 dilution) prior to enhanced chemiluminescence (Amersham Biosciences).
Specific IgE determination and ELISA-inhibition assays
Specific IgE binding to Cit s 1 and model glycoproteins was determined essentially by a method previously described using peroxidase-labeled anti-human IgE (DAKO) for detection (Diaz-Perales, et al. 2003) . Cit s 1 and each purified glycoprotein were used as solid phase (3 μg/ml) and the serum pool and 4 individual sera (1:2 dilution) from
orange-allergic patients were tested. BSA (1% in PBS buffer), dilution buffer, and 2 sera from patients with orange allergy showing positive specific IgE levels to orange lipid transfer protein (LTP) allergen Cit s 3 but negative to Cit s 1, were used as negative controls. ELISA-inhibition assays were carried out by the same method, except that the sera were preincubated with the appropriate inhibitor (3, 6 and 9 μg/ml) for 3 h at 25ºC.
All tests were performed in triplicate.
Tryptic digest
About 10 μg of the purified Cit s 1 protein were dried, dissolved in 15 μl 50 mM ammonium acetate, pH 8.4 and denatured for 10 minutes at 95 °C. After cooling to room temperature, 5 μl of a solution of 50 ng/μl trypsin (bovine pancreas; Sigma) were added and the sample was incubated overnight at 37 °C; the trypsin was then deactivated for 20 min at 95°C. For a single MS analysis about one-third of the sample was used.
Trypsin and chymotrypsin digest
An aliquot of the trypsin-digested peptides was further digested with chymotrypsin; dried tryptic peptides were dissolved in 15 μl 50 mM ammonium acetate in water, pH 8.4.
Afterwards 5 μl of a 50 ng/μl α-chymotrypsin from bovine pancreas (Sigma) solution (ca.
200 μU) were added and the sample was incubated overnight at 37°C; the sample was heat-inactivated for 20 minutes at 95°C prior to analysis by LC-ESI-MS.
Deglycosylation of the tryptic / chymotryptic peptides
Peptides resulting from combined trypsin and chymotrypsin digestion were dried under reduced pressure in a vacuum centrifuge and dissolved in 20 μl 0.1 M citrate-phosphate buffer, pH 5.0. The deglycosylation was performed overnight with 0.15 mU of PNGase A from almonds . One-hundred μl of 1% acetic acid were then added and the peptides were purified using a Phenomenex Strata C18-E 50 mg cartridge previously washed with 75 % (v/v) aqueous acetonitrile and equilibrated with 1% acetic acid; the deglycosylated peptides were then collected by elution with 75% (v/v) aqueous acetonitrile, dried and dissolved in water.
LC-ESI-MS Analysis
The LC-ESI-MS experiments were carried out using a Q-TOF Ultima Global mass 
MUXF, Manα1-6 (Xylβ1-2)Manβ1-4GlcNAcβ1-4(Fucα1-3)GlcNAc Q-TOF, quadrupole time-of-flight Peptides resulting from the sequential digestion with trypsin and chymotrypsin are listed which were detected and relevant for an increased sequence coverage. The locations of peptides CT1 -CT12 within the Cit s 1 sequence are shown in Figure 5 . 
